A theoretical investigation of the recently observed enhanced thermoelectric power S in ͑111͒-oriented n-type PbTe/Pb 1Ϫx Eu x Te multiple-quantum-wells (xӍ0.09) has been carried out, including both longitudinal acoustic phonon deformation potential scattering and polar optical phonon scattering of the two-dimensionally confined electrons in the quantum wells. An enhancement in S is observed experimentally and predicted theoretically, despite the lifting of the conduction band valley degeneracy, and an excellent agreement between the experimental and theoretical results has been obtained over a wide temperature range (80-400 K). In the low temperature regime (ϳ100 K), the polar optical phonons are found to be more effective in scattering carriers in the oblique L-point valleys than in scattering carriers in the longitudinal L-point valley, making the resulting S somewhat suppressed in this temperature regime. In the high temperature regime (у300 K), the polar optical phonon scattering generally contributes to increasing S due to the particular shape of the distribution function associated with it. It is emphasized that our theoretical model requires virtually no fitting parameters. The excellent agreement between the theoretical and experimental results suggests the validity of our model of enhanced thermoelectric figure of merit in two-dimensional structures and the reliability of the values of the parameters for the superlattice deduced from other independent measurements, such as Hall carrier concentrations and band energy gaps.
I. INTRODUCTION
There has been considerable interest in the thermoelectric properties of low-dimensional systems, such as twodimensional quantum wells [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] and one-dimensional quantum wires [16] [17] [18] [19] [20] since Hicks and Dresselhaus predicted that the thermoelectric figure of merit (ZT) for such lowdimensional systems should be substantially enhanced relative to the corresponding bulk materials as the size of the sample is reduced to the nm (or Å) range. 1, 16 This idea was first demonstrated experimentally by Harman et al. 3 and Hicks et al. 4 using MBE grown ͑111͒-oriented PbTe/Pb 1Ϫx Eu x Te multiple-quantum-well ͑MQW͒ samples. The observed enhanced thermoelectric properties in this system was first interpreted in terms of the constant relaxation time approximation ͑CRTA͒, assuming various values for the ratio of the carrier mobilities between the longitudinal valley and the oblique valleys. 4, 6 Recently, Broido and Reinecke performed calculations of thermoelectric transport coefficients for the ͑111͒ oriented PbTe MQWs at 300 K by solving the Boltzmann equation numerically, including both elastic and inelastic scattering mechanisms explicitly, but assuming a parabolic energy dispersion relation and using the approximation of isotropic constant energy surfaces. They pointed out that the Seebeck coefficient for the PbTe MQW samples should be largely suppressed due to the lifting of the valley degeneracy between the longitudinal and oblique valleys in ͑111͒-oriented PbTe MQW samples. 12 However, this latter point was inconsistent with the observed enhancement in the thermoelectric power in the PbTe/Pb 1Ϫx Eu x Te MQW system grown by Harman et al. 3, 4 The main discrepancy comes from the fact that some parameter values used in Broido's work ͑such as the barrier height for the PbTe quantum well͒ were not appropriate for describing the specific properties of the samples grown by Harman et al. 13 Thus, it has not been possible to make a direct comparison between the theoretical results by Broido et al. 12 and the experimental results by Harman et al. 3 and Hicks et al. 4 In the present work, we address the issue why the thermoelectric power in n-type ͑111͒-oriented PbTe/Pb 1Ϫx Eu x Te MQWs is enhanced in spite of the lifting of the conduction band valley degeneracy in this system. Specifically, we perform a detailed theoretical investigation of the Seebeck coefficient ͑thermoelectric power͒ in Pb/Pb 1Ϫx Eu x Te MQWs using the most appropriate as well as the most updated band parameters and carrier concentrations to describe the properties of sample T-225 in Ref. 3 25 and the x-ray data for sample T-225. Other improvements in our models over the ones by Broido and Reinecke include consideration of the effects of the nonparabolicity for the energy bands and of the anisotropic constant energy surfaces. The effect of the anisotropic constant energy surface is taken into account by retaining up to the second order term in the Legendre polynomial expansion of the perturbation function (k) as we will discuss in the text. It should be noted that all the parameters used in this study are readily available in the literature in terms of the band parameters for bulk PbTe ͑Ref. 21͒ or Pb 1Ϫx Eu x Te alloys. [22] [23] [24] Thus, our theoretical analysis requires virtually no fitting parameters, except that the number of carriers in the sample has to be determined by an independent experimental technique such as a Hall coefficient measurement. 6 We believe that such investigations should be of great value not only for acquiring a firm understanding of the physics of the low-dimensional transport phenomena, but also for developing an innovative strategy for designing even better thermoelectric materials in the future using low-dimensional structures.
II. THEORY

A. Solution of Boltzmann equation
The nonequilibrium distribution function for electrons in an electric field E is obtained by solving the Boltzmann equation
where e is the electron charge, ប is the Planck constant divided by 2,k is the electron wave vector, f (k) is the nonequilibrium electron distribution function, and ‫ץ‬ c f (k) is the collision term defined by
Here, V c is the sample volume and S(k,kЈ)dkdkЈ is the scattering probability per unit time that an electron within an infinitesimal volume dk around k will be scattered into an infinitesimal volume dkЈ around kЈ in k space. Since the distribution function f (k) reduces to the Fermi-Dirac distribution function f 0 (E k )ϭ͓1ϩexp͕(E k Ϫ)/k B T͖͔ Ϫ1 in the limit of Eϭ0, and S(k,kЈ) and S(kЈ,k) have to satisfy the following relation:
which will be used to express S(kЈ,k) in terms of S(k,kЈ).
For the case of a two-dimensional electron gas which we will consider in the present work, we substitute A/4 2 for the factor V c /8 3 in Eq. ͑2͒, where A is the area of the sample, and the integration is carried out over two-dimensional k space.
B. Scattering probability
The scattering probability per unit time S(k,kЈ) is given by the Fermi golden rule
where is the phonon frequency and the plus and minus signs in the ␦ function stand for the phonon emission and absorption processes, respectively. The explicit expressions for the squared matrix element ͦ͗kЈ͉HЈ͉kͦ͘ 2 for the case of a three-dimensional isotropic crystal are given elsewhere for various scattering mechanisms. [26] [27] [28] In the present work, we consider the scattering of the two-dimensionally confined electrons due to the threedimensional phonons to model the transport coefficients for the two-dimensionally confined electron gas. 12 We note that a state for a two-dimensionally confined electron can be specified by an in-plane wave vector k ʈ , whereas a state for a phonon is specified by a three-dimensional phonon wave vector q, which will be decomposed into an in-plane component q ʈ and a perpendicular component q z for our convenience in carrying out the calculation. The scattering mechanisms explicitly considered in the present work are ͑1͒ longitudinal acoustic phonon deformation potential scattering ͑LADP͒ and ͑2͒ polar optical phonon scattering ͑POP͒. These are the two main scattering mechanisms dominant in bulk PbTe from relatively low (ϳ77 K) to relatively high temperatures (Ͼ400 K). 21 Assuming that the overlap integral for the lattice part of the Bloch function is equal to unity ͑plane wave approxima-tion͒, the squared scattering matrix elements for the twodimensionally confined electrons due to the above mentioned scattering mechanisms are expressed as 27
for the LADP mechanism and ͦ͗k ʈ
for the POP mechanism where ⌶,,,⑀ ϱ ,⑀ S , 0 , and n( 0 ) are, respectively, the acoustic phonon deformation potential, the density of the sample, the speed of sound, the high frequency dielectric constant, the static dielectric constant, the optical phonon frequency, and the occupation number n( 0 )ϭ͓exp(ប 0 /k B T)Ϫ1͔ Ϫ1 for phonons with frequency 0 . Here G(q z ) is defined by
where z (z) is the normalized wave function in the confinement direction (z direction͒ that is obtained by solving the Schrödinger equation for a square well potential. It is noted that the elastic approximation (E k ϭE k Ј ) and the high temperature approximation for the number of phonons n() Ӎk B T/ប are used to describe the acoustic phonon scatter-ing ͓see Eq. 5͔. However, the full inelastic scattering scheme is utilized to describe the optical phonon scattering, as is discussed in the next section.
C. Thermoelectric power
Once the nonequilibrium distribution function f (k) is obtained by solving the Boltzmann equation, the Seebeck coefficient S ͑thermoelectric power͒ is readily calculated using the following equations: 26
where v(k ʈ ) and E(k ʈ ) are, respectively, the velocity and the energy of the electron in a state k ʈ , and ␣ϭ0,1. For a multiple subband system such as the PbTe/Pb 1Ϫx Eu x Te MQWs, the transport tensors L 2D (␣) s for ␣ϭ0, 1 are calculated for each subband separately, and the results are summed together for substitution in Eq. ͑8͒ to obtain S for the whole system.
III. CALCULATION
A. Model system
The model system for the present calculation is the ͑111͒ oriented PbTe/Pb 1Ϫx Eu x Te multiple quantum wells where xӍ0.09 and the thicknesses of PbTe and Pb 1Ϫx Eu x Te layers are Ӎ 20 and Ӎ400 Å, respectively ͑sample T-225 in Ref.
3͒. The details of the experimental results, including the sample structure, growth conditions, and various transport measurements for this sample are published elsewhere. 3, 4 Briefly, it is known that PbTe layers ͑band gap E g ϭ320 meV at 300 K͒ serve as the quantum well layers and Pb 1Ϫx Eu x Te layers serve as the barrier layers (E g Ӎ600 meV at 300 K͒, which results in a conduction band offset of Ӎ160 meV. It has been shown experimentally that samples with this structure have a large intrinsic carrier mobility and exhibit an enhanced thermoelectric power relative to that for bulk PbTe with a similar carrier concentration. 3, 4 All the band parameters necessary for the numerical calculation of the transport coefficients of the PbTe quantum wells are readily available in the literature. [21] [22] [23] [24] In particular, the following values are used in the present calculation from Ref. 12 : the anisotropic effective masses at 300 K, m t ϭ0.034m ͑transverse component͒ and m l ϭ0.35m ͑longitudinal component͒, ប 0 ϭ14 meV, ⑀ S ϭ33 ⑀ 0 , and ⑀ ϱ ϭ414 ⑀ 0 , where ⑀ 0 is the dielectric constant of the vacuum, ⌶ϭ25 eV, and 2 ϭ486 meV/Å 3 . To account for the temperature dependent properties described in the present paper, the temperature dependences of the bulk effective masses and band gap energy are obtained from Refs. 21 and 24, respectively.
The bound state levels for the quantum well are calculated by solving the Schrödinger equation for a square well poten-tial using the empirical relation ⌬E c /⌬E g ϭ0.55 where ⌬E c is the conduction band offset and ⌬E g is the difference in band energy gap between Pb 1Ϫx Eu x Te and PbTe. 23 The nonparabolicity of the energy dispersion relation for the confined electronic states is taken into account using the form 26 where E is the electron energy and ␣ is the inverse of E g . The value of E g used in our calculation for the ith subband is the energy between the valence-and conduction-band bound state levels for the pertinent subband, denoted by E g l-l and E g o-o for the longitudinal ͑l͒ subband and the oblique ͑o͒ subband, respectively.
B. Chemical potential
The chemical potential for the model system is determined by considering the conservation of the total number of carriers per superlattice period (aϩb), 6
where n tot is the apparent total carrier density per quantum well defined by Eq. ͑10͒, n QW (p QW ) and n B (p B ) are the concentrations of electrons ͑holes͒ bound to the quantum wells and those delocalized throughout the barrier layer unbound to the quantum wells, respectively. It should be noted that the carrier densities n QW and p QW are calculated using the quantum well thickness ͑denoted as a), whereas n B and p B are calculated using the barrier layer thickness ͑denoted as b), and hence the factor b/a in Eq. ͑10͒. We further note that the carrier densities n QW and p QW have contributions from both the longitudinal valley and the oblique valleys that originate from the four L point valleys in the Brillouin zone for bulk PbTe, and that the carrier density n B is associated with the L point carriers in the conduction band of the Pb 1Ϫx Eu x Te barrier layer and p B is associated with the L and ⌺ point carriers in the valence band of the Pb 1Ϫx Eu x Te barrier layer. In our model system, p QW and p B are found to be negligible relative to the other terms up to 400 K. 6 Above 400 K the p B term becomes important due to the large density of states mass (m d *Ӎ1.4) for the ⌺ valence band. 21 It was also shown previously that the carrier mobility for the Pb 1Ϫx Eu x Te alloy is greatly reduced relative to that for PbTe, 3 and therefore, in the present work, we assume that the electrical conduction in our model system is entirely due to the carriers that are bound to the quantum wells.
C. Numerical calculation
Once the chemical potential is determined for our model system, the iterative algorithm is employed for the numerical calculation of the nonequilibrium distribution function f (k ʈ ). 26 Taking the x axis as the direction of the electric field that is parallel to one of the principal axes of the 2D elliptical constant energy surface and defining the normalized k vector k ʈ * and the normalized electric field E* by k ʈ *ϭ(k ʈx * ,k ʈy * ) ϭ(m/m x k ʈx ,m/m y k ʈy ) and E x *ϭ(m x /m)E x , respectively,
where (k ʈ ) is a perturbation function connected with the application of an electric field and (k ʈ ) has the units of time. Using the perturbation function (k ʈ ) in Eq. ͑11͒, the Boltzmann equation ͓Eq. ͑1͔͒ is rewritten as
͑12͒
where ␥Ј(E)ϭd␥(E)/dE, is the angle between the vector k ʈ * and the x axis, and Eq. ͑3͒ is used to eliminate S(k ʈ Ј ,k ʈ ) in terms of S(k ʈ ,k ʈ Ј). In solving the Boltzmann equation, the perturbation function (k ʈ ) is further expanded using the Legendre polynomials P l (x) and the two most significant terms, i.e., (k ʈ )ϭa 1 (E)P 1 (cos )ϩa 3 (E)P 3 (cos ), are retained in the iteration procedure. The resultant Boltzmann equation is solved for a 1 (E) and a 3 (E). The reason that we retain the second term in the expansion of (k ʈ ) is to handle the anisotropy of the constant energy surface for the oblique valley accurately in solving the Boltzmann equation. In this way, we were able to keep the error associated with the numerical calculations to within a few percent. To complete our calculation for the oblique valleys, the procedure above is repeated for E* parallel to the y axis and the transport coefficients calculated along the x and y axes are averaged to yield the final isotropic transport coefficient that is consistent with the cubic symmetry of the model system. 26 
IV. RESULTS
A. Constant relaxation time approximation
The enhanced Seebeck coefficient observed in the ͑111͒oriented PbTe/Pb 1Ϫx Eu x Te MQWs was previously explained qualitatively using the constant relaxation time approximation ͑CRTA͒ and the two-band model assuming parabolic energy bands: 4,6 the total Seebeck coefficient S is given by ( 1 S 1 ϩ 2 S 2 )/( 1 ϩ 2 ) where i and S i (i ϭ1,2) are the electrical conductivity and the Seebeck coefficient, respectively, for the ith subband. For the ͑111͒oriented PbTe/Pb 1Ϫx Eu x Te MQWs, four equivalent L point minima in the 3D Brillouin zone split into one longitudinal ͑lowest in energy͒ and three equivalent oblique pockets in 2D quantum wells; thus, we associate the longitudinal and the oblique subbands with the first and second subbands in the abovementioned two-band model.
Since the carrier concentration and the Seebeck coefficient of a single band material are functions of only the chemical potential and temperature, for a given band structure in the CRTA, we need only one additional parameter when we extend the single subband model to the two-band model in calculating the total S. This additional parameter is the ratio of the carrier mobilities ͑or scattering times ) between these subbands, namely, obliq / longt ϭ( obliq /m obliq )/( longt /m longt )Ӎ0.553 obliq / longt where m longt ϭm ʈt and m obliq ϭ2/(m ʈt Ϫ1 ϩm ʈl Ϫ1 ) are the transport masses for the longitudinal subband and oblique subband, respectively. The experimental results for the Seebeck coefficient as a function of Hall carrier concentration are shown in Fig. 1 for bulk PbTe and PbTe/Pb 1Ϫx Eu x Te MQWs from Ref. 3 together with the theoretical results obtained using the CRTA with three different assumptions for the mobility ratio. 6 The assumptions used in the CRTA in Fig. 1 are obtained for various situations of the intravalley and the intervalley scattering, assuming that the relaxation time is inversely proportional to the density of states for electrons ͑see Ref. 6 for details͒. We should, however, note that the observed enhancement in S can be understood, without including intervalley scattering, as we discuss in the following sections. Therefore, in this section, we simply restate that the simple density of states consideration for , assuming only intravalley scattering ( obliq ϭ0.33 longt ), leads to S values for MQWs as small as that for PbTe bulk, and does not explain the enhancement in S observed experimentally.
The experimental results for the Seebeck coefficient as a function of temperature for sample T-225 in Ref. 3 are plotted in Fig. 2 together with the theoretical results using the CRTA, assuming the obliq ϭ longt and obliq ϭ longt conditions. 7 In the theoretical calculation, n tot ϭ 1.1ϫ10 19 cm Ϫ3 is assumed, based on the previous analysis of the Hall coefficient measurements as a function of temperature. 6 We note that although the results for the CRTA with the conditions obliq ϭ longt and obliq ϭ longt are consistent with the experiment at certain specific temperatures, there is no a priori reason that either the obliq ϭ longt or the obliq ϭ longt conditions should hold at any particular temperature. More importantly, the fitting of the experimental results, obtained from the two-band model using the CRTA, suggests that the reduction of the Seebeck coefficient due to the lifting of the valley degeneracy becomes less significant as the temperature is increased. Therefore, it is of interest to investigate the detailed mechanisms that are responsible for the observed enhancement in the Seebeck coefficient for the PbTe/Pb 1Ϫx Eu x Te MQWs relative to that for the corresponding bulk PbTe. Such an investigation should be important not only to understand the fundamental physics of the low-dimensional transport phenomena, but also to employ the ideas gained through the investigation of such mechanisms to design even better thermoelectric materials in the future. In the next section, we address these points in more detail by comparing the experimental results for sample T-225 with our theoretical results, first assuming longitudinal acoustic phonon deformation potential scattering and polar optical phonon scattering independently, and then considering both mechanisms acting together.
B. Seebeck coefficient due to acoustic phonon scattering
Using the elastic and high temperature approximations described in the previous section and considering only the longitudinal acoustic phonon deformation potential scattering, the Boltzmann equation ͓Eq. ͑12͔͒ reduces to the energy-dependent relaxation time ac (E) approximation:
͑13͒
where the factor 2 at the end of the equation accounts for the phonon absorption and emission processes. Using Eq. ͑13͒, we can directly investigate the ratio of ac between the oblique subbands ͑denoted by ac obliq ) and the longitudinal subband ͑denoted by ac longt ) for our model system. If the energy dispersion relation is completely parabolic, the relaxation time ac is constant with energy, so that the energy dependent formalism basically reduces to the CRTA. In this limit, ac is proportional to the product of the density-of-states mass (m x m y ) 1/2 and the ͉G(q z )͉ 2 integral as seen in Eq. ͑13͒. Using the bulk effective masses at 300 K projected onto the plane of the quantum well, we obtain m x ϭm y ϵm ʈt ϭ0.034m for the longitudinal pocket and m x ϵm ʈl ϭ0.315m, m y ϵm ʈt ϭ0.034m for each of the oblique pockets. Therefore, the difference in the effective masses accounts for a factor of 0.33 in ac obliq / ac longt . Another factor comes from the ͉G(q z )͉ 2 integral. Since the z component of the electron wave function for the longitudinal subband is more confined than that for the oblique subband, the resultant G(q z ), and hence also the ͉G(q z )͉ 2 integral, is larger for the longitudinal subband than for the oblique subband. This factor accounts for a factor of 3.77 in ac obliq / ac longt at 300 K. Therefore the value for ac obliq / ac longt assuming a parabolic energy dispersion relation is 0.33ϫ3.77ϭ1.26, which is quite different from the naive assumption obliq / longt ϭ0.33 obtained from the density of states factor only. Furthermore, when using a nonparabolic energy dispersion relation, we have an additional factor of ␥Ј(E) 2 in Eq. ͑13͒ where E ϭ ͑where is the chemical potential͒ for the longitudinal subband. For our model system at 300 K we find that the Fermi level is 30.15 meV above the longitudinal subband edge and 42.48 meV below the oblique subband edge, where the energy band gaps between the valence and conduction band bound states are 447.69 meV for the longitudinal subband (E g l-l ) and 581.87 meV for the oblique subband (E g o-o ). Since the Fermi energy lies at a degenerate energy ͑inside the band͒ only with the longitudinal subband, the additional contribution of the nonparabolicity of the energy bands to ac obliq / ac longt becomes important only for the longitudinal subband. For ϭ30.15 meV and E g l-l ϭ447.69 meV, we obtain ␥Ј() 2 ϭ1.29 at 300 K. It turns out that the contribution of the nonparabolicity to ac obliq / ac longt is strongly dependent on temperature. For example at 100 K, we find that the Fermi level is 90.6 meV above the longitudinal subband edge and E g l-l is 382.93 meV, and therefore we get ␥Ј() 2 ϭ2.17. From this argument, we find that the temperature dependence of ac obliq / ac longt mainly comes from the effect of the nonparabolicity of the energy bands ͑see Fig. 3͒ .
Shown in Fig. 4 are the experimental Seebeck coefficient (S exp , open circles͒ as well as the theoretical Seebeck coefficients: ͑1͒ considering only longitudinal acoustic phonon deformation potential scattering (S ac , short-dashed curve͒ and ͑2͒ considering only polar optical phonon scattering (S op , long-dashed curve͒. One can see that S ac is smaller than S exp above 200 K, while it is larger than S exp below 150 K. The main reason for the large S exp compared with S ac above 200 K is that the polar optical phonon scattering generally has an effect to increase the value of S as we will discuss in the next section. This effect is predominant above 200 K. On the other hand, at lower temperatures (р150 K), the ␥() 2 factor in Eq. ͑13͒ increases for the longitudinal subband, causing ac longt to decrease. Hence S ac increases, while in the real sample the polar optical phonons contribute to the preferential scattering of the carriers in the oblique valleys while leaving the scattering of the carriers in the longitudinal valley relatively unchanged. This is the mechanism which explains the reduced S exp relative to S ac at low temperatures (р150 K).
C. Seebeck coefficient due to optical phonon scattering
The Seebeck coefficient S calculated considering the polar optical phonon scattering only ͑denoted by S op ) is also shown in Fig. 4 ͑long-dashed curve͒ as a function of temperature. The calculated ratio of the mobilities obliq / longt when only the polar optical phonon scattering is considered ͓denoted by ( obliq / longt ) POP ͔ is also plotted as a function of temperature in Fig. 3 ͑long-dashed curve͒. We find that ( obliq / longt ) POP is also a strong function of temperature and this ratio becomes as small as 0.25 below 100 K. This observation proves the postulate in the previous section that the polar optical phonons are more effective in scattering carriers in the oblique valleys than scattering carriers in the longitudinal valley at low temperatures in our model system. Another observation is that although the value for ( obliq / longt ) POP is 0.6ϳ0.9 for temperatures above 300 K ͑i.e., obliq Ͻ longt ), whereas we find that obliq у longt is consistent with the experimental result in the CRTA, the resulting S op calculated for our model system is significantly greater than S exp above 300 K. This apparent discrepancy is resolved if we look at the special shape of the distribution function f (E). Plotted in Fig. 5 is the coefficient for the first order term, a 1 (E), of the perturbation function (k) as a function of energy. Since a 1 (E) ͑which is interpreted as the scattering time in a naive sense͒ increases with increasing energy near the band edge, we can expect S op to become significantly larger than S exp if the chemical potential is near ͑or below͒ the band edge and the width of the rising edge of the a 1 (E) function is larger than the magnitude of the thermal energy k B T.
D. Seebeck coefficient due to both the longitudinal acoustic phonons and the polar optical phonons
When we consider both longitudinal acoustic phonon deformation potential ͑LADP͒ scattering and polar optical phonon ͑POP͒ scattering, and we then calculate the Seebeck coefficient for both of these scattering mechanisms acting at the same time (S tot ), we simply add the contributions from these scattering mechanisms to obtain the total scattering probability per unit time ͓Eq. ͑4͔͒ and use the same iterative approach described in the previous section. The resulting S tot calculated in this way is plotted as a function of temperature in Fig. 6 ͑solid curve͒ together with the experimental results (S exp , open circles͒. We note that the agreement in Fig. 6 between the theoretical and experimental results is fairly good for the wide temperature range from 80 to 400 K based on literature values for the band parameters and no adjustable parameters that are fitted by the model. The good agreement between the theoretical and experimental results indicates the reliability of the parameters deduced from the previous measurements 3 and analyses, 6 such as carrier concentrations, lattice constants and band energy gaps, and the validity of the basic idea proposed by Hicks and Dresselhaus 1,16 which predicts enhanced thermoelectric properties for low-dimensional systems, if the original model calculation is properly refined to include the appropriate scattering mechanisms.
V. CONCLUSIONS
A theoretical investigation has been performed to reveal the mechanism of the observed enhanced thermoelectric power S in ͑111͒-oriented PbTe/Pb 1Ϫx Eu x Te multiplequantum-wells. This enhancement in S occurs in spite of the lifting of the valley degeneracy between the longitudinal and oblique valleys at the L point in the Brillouin zone, which would tend to reduce S. We have considered the effects of longitudinal acoustic phonon deformation potential scattering and the effects of polar optical phonon scattering on the two-dimensionally confined electrons in the quantum wells. In the low temperature regime (ϳ100 K), we find that polar optical phonons are more effective in scattering the carriers in the oblique valleys than in scattering carriers in the longitudinal valley. Since the occupation of the oblique valleys is small at low T, the resulting thermoelectric power is rela-tively small. However, in the high temperature regime (Ӎ300 K), where there is more occupation of the oblique valleys, polar optical phonon scattering is found to contribute to increasing S because of the particular shape of the distribution function created by polar optical phonon scattering. Our theoretical result for the two scattering mechanisms acting together yields good agreement with the experimental results over a wide temperature range ͑80-400 K͒ without the use of any fitting parameters. It is hoped that the knowledge acquired through this study will contribute to deepening our understanding of the fundamental physics of lowdimensional transport phenomena, as well as to allowing us to plan a new strategy for designing useful thermoelectric materials using low-dimensional structures in the future.
